Abstract Although experimental design is a powerful tool, it is rarely used for the development of analytical methods for the determination of organic contaminants in the environment. When investigated factors are interdependent, this methodology allows studying efficiently not only their effects on the response but also the effects of their interactions. A complete and didactic chemometric study is described herein for the optimization of an analytical method involving stir bar sorptive extraction followed by thermal desorption coupled with gas chromatography and tandem mass spectrometry for the rapid quantification of several pesticides in freshwaters. We studied, under controlled conditions, the effects of thermal desorption parameters and the effects of their interactions on the desorption efficiency. The desorption time, temperature, flow, and the injector temperature were optimized through a screening design and a Box-Behnken design. The two sequential designs allowed establishing an optimum set of conditions for maximum response. Then, we present the comprehensive validation and the determination of measurement uncertainty of the optimized method. Limits of quantification determined in different natural waters were in the range of 2.5 to 50 ng L −1
Introduction
Since its introduction by Baltussen et al. in 1999 [1] , stir bar sorptive extraction (SBSE) has become one of the most used miniaturized extraction and enrichment technique of organic contaminants in aqueous samples. This solventless technique is based on the same principles as solid-phase microextraction (SPME). In other words, the extraction is governed by diffusion of the analytes, and its efficiency relies on equilibrium, i.e., the partitioning of the analytes between the sample and the polydimethylsiloxane (PDMS) extraction phase [2] . But SBSE can achieve better extraction recoveries, especially for moderately hydrophobic analytes, as the volume of the extraction phase of the SBSE stir bars (24 to 126 μL) is much larger than the volume of the SPME fibers (up to 0.5 μL) [3, 4] . Stir bar sorptive extraction has been applied in pharmaceutical, biomedical, food, and environmental analysis for a wide range of organic chemicals, from polar endocrine disruptors such as estrogens, across moderately hydrophobic pesticides to highly hydrophobic polycyclic aromatic hydrocarbons (PAH) and polychlorobiphenyl (PCB) congeners. Several reviews covered in details the analytical applications of this technique [2, [4] [5] [6] . The extraction step is followed by desorption, either with organic solvent (liquid desorption, LD) or with heat (thermal desorption, TD) depending on the hydrophobicity and the thermal stability of the analytes, before analysis by liquid (LC) or gas chromatography (GC). The optimization of the extraction conditions of organic chemicals in water samples has been carried out in several studies [7] [8] [9] [10] [11] [12] [13] . Desorption conditions need to be investigated as well, in order to achieve optimal back extraction of the analytes sorbed in the PDMS phase and yield maximal sensitivity and precision for the LC or GC analyses. Thermal desorption coupled with GC is more environmentally friendly as it requires no organic solvent and allows to reach lower limits of quantification as the whole amount of extracted analytes is transferred into the GC. For thermal desorption, the desorption time, the desorption temperature, the focusing temperature, and the desorption flow are the most influential parameters.
Sanchez-Ortega et al. [11] and Camino-Sánchez et al. [12] performed step-by-step optimizations of the thermal desorption of some pesticides. However, this methodology does not allow to study the effect of the interaction of factors and guarantees to hit optimum conditions only if the studied factors are independent [14] . In case interactions between factors are important, only a multivariate approach allows to reach the real optimum, i.e., the best conditions for thermal desorption in this case [15] . This methodology has been used in very few studies for the optimization of the desorption of pesticides from SBSE stir bars. For instance, in order to determine the optimal liquid desorption conditions before the analysis of moderately hydrophobic to hydrophobic pesticides by liquid chromatography coupled with tandem mass spectrometry (MS/MS), Margoum et al. [13] realized an experimental design, which allowed them to investigate the effect of factors and the effect of their interactions on the selected response. Also, MacNamara et al. [15] used this methodology to optimize the parameters of extraction of organophosphorous pesticides from water, together with the parameters of thermal desorption. The use of such methodology for the optimization of the desorption of pesticides from SBSE stir bars, as well as for the optimization of other steps of analytical methods, might seem complex and time-consuming. In fact, quite the reverse, this approach is much faster than traditional one-variable-at-the-time (OVAT) methodology, as the effect of all the factors and the effect of their interactions are studied at the same time. Moreover, regarding thermal desorption optimization, all experiments of the design can be realized in the same analytical sample sequence. Nonetheless, didactical tutorials are needed to better describe this way of considering optimization and for a larger use of this powerful methodology.
In the present paper, we describe a complete multivariate optimization with the methodology of experimental designs. The aim of this work is to develop an analytical method consisting in SBSE followed by thermal desorption and gas chromatography coupled with tandem mass spectrometry (SBSE-TD-GC-MS/MS). Then, following comprehensive and thorough protocols, we validated the optimized method and determined the measurement uncertainties for the analysis of pesticides in freshwater samples. To realize this study, we selected a relevant set of eight relatively hydrophobic to hydrophobic pesticides (3.08<log K ow <4.96) usually encountered in freshwaters of agricultural watersheds. The extraction conditions have been developed and validated previously for liquid desorption followed by liquid chromatography coupled with tandem mass spectrometry (SBSE-LD-LC-MS/MS) analysis [13] . In the present study, two experimental designs were conducted for the optimization of the thermal desorption of the selected pesticides. The effect of the desorption time, the desorption temperature, the desorption flow, and the injector temperature and the effect of their interactions were investigated with a screening experimental design. Then, the three most significant parameters were optimized by a second experimental design in order to reach maximal desorption of all selected pesticides. A third experimental design was realized to determine the best conditions for the thermal decontamination of the SBSE stir bars after the desorption step. Finally, the optimized method was validated regarding linearity, limit of quantification (LOQ), trueness, and precision following a comprehensive validation procedure, and the analytical measurement uncertainty was assessed in conditions of intra-laboratory reproducibility.
Experimental

Reagent and chemicals
The eight selected pesticides (acetochlor (ATC), diflufenican (DFF), metolachlor (MTC), chlorfenvinphos (CFV), chlorpyrifos-ethyl (CPE), chlorpyrifos-methyl (CPM), fenitrothion (FNT), and procymidon (PCM)); the analytical standards, i.e., deuterated surrogates (chlorpyrifos-ethyl d10 (CPE-d10) and fenitrothion d6 (FNT-d6)); and the internal standard (hexabromobenzene (HBB)) were supplied by VWR (Strasbourg, France) and Sigma Aldrich (SaintQuentin Fallavier, France). Sodium chloride NaCl (purity= 99.5 %) was purchased from VWR (Strasbourg, France).
GC grade methanol, acetonitrile, acetone, and dichloromethane were purchased from VWR (Strasbourg, France). Ultrapure water was obtained using a Millipore water purification system equipped with a LC-Pak cartridge (Billerica, MA, USA).
The individual pesticide stock solutions were prepared in acetone at a concentration of 100 mg L −1 and stored at 4°C for 2 months. Standard solutions for extraction were prepared daily with ultrapure water by appropriate dilution of the stock solutions. Helium gas (purity=99.999 %) used for thermal desorption and chromatographic analysis, nitrogen gas (purity=99.995 %) used for thermal decontamination, and carbon dioxide gas (purity=99.5 %) used for focusing the desorbed pesticides in the cooled GC injector were purchased from Air Liquide (Juhem, France).
Sample preparation and SBSE procedure
The extraction method was optimized and validated with spiked samples of ultrapure water, Evian® mineral water, and surface water from two rivers in France (Saône River and Morcille River). Prior to SBSE, the river water samples were filtered under vacuum using 0.7-μm glass fiber filters (GF-F, Whatman). The development and the validation of the extraction of the selected pesticides by SBSE have been published elsewhere [13] . Briefly, the extraction of the pesticides was carried out with SBSE stir bars (20 mm length×1 mm film thickness with ca. 126 μL of PDMS phase) from Gerstel (Mülheim an der Ruhr, Germany). Before each use, the stir bars were thermally conditioned at 50°C for 24 h, then rinsed in ultrasonic bath with 10 mL of methanol/dichloromethane mixture (50:50, v/v) for 30 min, and finally dried at 50°C for 1 h. The extraction was performed on 20 mL of water samples with 2.0 g of NaCl at 800 rpm for 3 h. After the extraction step, SBSE stir bars were gently rinsed with ultrapure water and dried with Kimwipes® precision paper, then placed overnight at −18°C before chemical analysis.
Instrumentation and analytical conditions
Thermal desorption of the stir bars was performed with a CTC Analytics CombiPal Autosampler (Zwingen, Switzerland), equipped with a desorption oven. During the desorption phase, the desorption oven was directly connected to a programmable temperature vaporization (PTV) injector, which was installed in a Varian 3800 GC (Bruker, Marne-la-Vallée, France).
Stir bars were placed in empty glass tubes for thermal desorption, spiked with 5 μL of hexabromobenzene at 20 mg L −1 in acetone as internal standard prior to analysis.
The analytes were desorbed from the stir bars in the optimized conditions and focused, by carbon dioxide cooling when needed, in a liner packed with deactivated glass wool at the optimized PTV injector temperature in split mode. The split is located at the bottom of the PTV injector, which means the whole part of pesticides desorbed from the stir bars in the desorption oven is focused in the liner, whatever the split ratio. The PTV injector was then ramped at 200°C min −1 to a final temperature of 280°C (held for 10 min), and the analytes were transferred into a Zebron ZB-5 ms capillary column (30 m× 0.25 mm×0.25 μm) provided by Phenomenex (Le Pecq, France). The carrier gas was helium at a flow rate of 1.0 mL min
. The column oven was programmed at the same temperature as the injector during 10 min, ramped at 30°C min −1 to 180°C, at 5°C min −1 to 240°C, at 10°C min −1 to 280°C, and finally at 30°C min −1 to 300°C and held for 5 min, for a total analysis time of 36 min. After thermal desorption and during the chromatographic separation of the analytes, the SBSE stir bars were kept in the desorption oven for thermal decontamination with nitrogen gas under the optimized conditions, to insure total elimination of pesticide residues. Each SBSE stir bars was desorbed and decontaminated for 60 min. The mass detector Varian 4000MS (Bruker, Marne-laVallée, France) was an ion trap equipped with an external source operated in electronic impact ionization mode at 70 eV, and the analytes were monitored in MS/MS mode except for hexabromobenzene, which was detected in SIS (selected ion storage) mode. The MS/MS settings of the selected pesticides and the surrogates were determined by automatic optimization using MS Workstation software (version 6.9), assisted by manual optimization. Two types of collision-induced dissociation (CID) of the target pesticides were investigated, resonant CID and non-resonant CID. Resonant CID is more compound specific and more energetic than non-resonant CID. It is originally more adapted to stable parent ions such as PAH, PCB, dioxins, and furans. For these two types of CID, two types of waveforms were applied to the ion trap (Table 1) . In resonant mode, waveforms represent the application of low voltage and high frequency whereas, in non-resonant mode, high voltage and low frequency are applied. The identification of the selected pesticides was performed with the retention time, the quantification transition, and the mass spectrum of the fragmentation products (Table 1) .
Experimental designs for method optimization
The optimization of the thermal desorption parameters was realized in two sequential experimental designs. Statgraphics software (Centurion XV.II) from SigmaPlus was used for data processing. Firstly, a fractional factorial design 2 4 ×3/4 was realized for screening purpose (design no. 1). In this design, four factors with two levels (low level (−1) and high level (+1)) were investigated, which represent, for a full factorial design, 2 4 experiments. We planned to realize three quarters of these experiments, with two additional experiments at the center point of all factors (medium level (0)), making a block of 14 experiments. This block was repeated once for a total of 28 experiments and 16 degrees of freedom for the experimental error. The low level, the center point, and the high level of each factor investigated in design no. 1 are presented in Table 2 . We selected this design in order to obtain the same information as from a classical full factorial design, but with a smaller number of experiments. In other words, both designs allow the evaluation of the effect of the factors and the effect of the two-factor interactions, with enough degrees of freedom for the experimental error, but the fractional design comprises 28 experiments, whereas a full factorial design replicated twice (two blocks) with two center points per block needs 36 experiments. The effect of the desorption time, the desorption temperature, the desorption flow, the injector temperature, and the effect of their interactions on the pesticide chromatographic peak areas were evaluated and rated, in order to identify and select the most influential factors.
Secondly, the most three influential factors (the desorption temperature, the desorption flow, the injector temperature) were selected and optimized with a Box-Behnken design (design no. 2). In this design, the three factors with three levels (low level (−1), medium level (0), and high level (+1)) were investigated in 12 experiments. Three experiments at the center point of all factors (medium level (0)) were added, making a block of 15 experiments. This block was repeated once for a total of 30 experiments and 19 degrees of freedom for the experimental error. This design allows the determination of response surfaces with fewer experiments than a 3 3 full factorial design (30 herein versus 54 in a full factorial design repeated once, i.e., two blocks) but provides enough degrees of freedom to evaluate the experimental error. Figure 1a , b shows, respectively, graphical representations of the BoxBehnken design and the 3 3 full factorial design as cubes. The three axes of the cubes represent the three thermal desorption factors to be optimized, with their levels (low level (−1), medium level (0), and high level (+1)), and the dots represent the experiments of the designs. For the graphical representation of the Box-Behnken design, the experiments are located at the middle of each edge of the cube, so 12 experiments. The dots at the center of the cube represent the three experiments added at the center point of all three factors, so a total of 15 dots. For the graphical representation of the 3 3 full factorial design, the experiments are located at each corner (eight experiments), at the middle of each edge (12 experiments), at the middle of each face (six experiments), and at the center of the cube (one experiment), so a total of 27 experiments. These 27 experiments represent all 27 combinations of the three levels of three factors.
The three levels of each factor investigated in design no. 2 were the same as those for design no. 1 (Table 2) , except for the desorption temperature, which were 220, 260, and 300°C. Design no. 1 revealed that the desorption temperature had a positive effect on the desorption of the studied pesticides. Therefore, we decided to investigate the effect of this factor at higher temperatures. Changing the levels of the factors had no impact on the interpretation of design no. 2 as the data of the two designs were processed separately. Also, according to the results of the design no. 1, this might result in higher desorption of all studied pesticides. The high level for this factor is the maximum temperature for thermal desorption of the SBSE stir bars as advised by Gerstel. For both experimental designs, the blocks represented two different days for chemical analysis.
In addition, the optimal conditions for the thermal decontamination of the SBSE stir bars after the desorption step were investigated with a third experimental design (design no. 3). Another Box-Behnken design was carried out (one block, three center points, and three factors with three levels for a total of 15 experiments and nine degrees of freedom for the experimental error). The three levels of each factor investigated in design no. 3 are presented in Table 3 . In this experiment, we investigated the effect of the decontamination temperature, the decontamination time, and the amount of pesticides in the SBSE stir bars on the decontamination efficiency. The amount of pesticides in the stir bars was controlled by extraction of water samples of different pesticide concentrations. Depending on the pesticide, the concentrations in water samples varied, but were set for each pesticide as 50 times the respective LOQ (50×LOQ) for the low level, 1,025×LOQ for the center point, and 2,000×LOQ for the high level. For design no. 3, the responses were the pesticide chromatographic peak areas of the subsequent analysis of the SBSE stir bars. In other words, the SBSE stir bars used for the extraction of water samples spiked with all the pesticides at different concentrations were thermally desorbed for analysis and decontaminated under each set of the conditions established in the experimental design; then, they were thermally desorbed a second time for analysis in order to determine the amounts of pesticides remaining after the thermal decontamination step of the first analysis.
Validation of the optimized SBSE-TD-GC-MS/MS method
Although it is essential to ensure robustness and reliability of an analytical method, the validation is often performed only partially or in non-representative conditions, so performance results may be inapplicable to real samples. For instance, limits of detection (LOD) and LOQ may be underestimated when determined in standard solutions because matrix effects are not considered. These limits may also be underestimated when evaluated with signal-to-noise (S/N) ratios, as they only represent instrumental limits and repeatability is usually not evaluated [16] . Moreover, trueness and precision of the extraction recoveries are usually determined at a single level of spiking, although they may vary along the concentration range. Measurement uncertainty is an estimation of the error on the analytical result taking into account sources of variability such as the preparation of the samples, the sample matrix, and the day of the analysis. It represents the interval in which the true concentration value of a real sample can be expected [13] . The method validation was inspired from standard methods ISO/IEC 17025:2005 and AFNOR NF T90-210:2009 [17, 18] and previous validations of LC-MS/MS methods [13, 19] . Measurement uncertainty of the analytical method was assessed according to standard methods ISO 11352:2012 and AFNOR XP T 90-220:2003 [20, 21] and previous validation of an LC-MS/MS method [13] .
Study of the linearity range
For each selected pesticide, two adjacent calibration ranges (a low concentration range and a high concentration range, with one common concentration level) were investigated. Each calibration curve was constituted with pesticide standard solutions prepared in ultrapure water and extracted by SBSE. Each calibration range was composed of six concentration levels, which could be different depending on the pesticide. The linearity of the method was statistically tested with five . The three axes of the cubes represent the three thermal desorption factors to be optimized, with their levels (−1=low level, 0=medium level, and 1=high level), and the dots represent the experiments of the designs Table 3 Factor levels of the BoxBehnken design for the optimization of the decontamination conditions (design no. Use of experimental designs for the optimization of SBSE-GC-MS/MScalibration curves. All these curves were obtained through extraction of ultrapure water samples spiked with the selected pesticides. Linearity was validated when the correlation coefficient (R 2 ) of each calibration curve (5×2 curves per pesticide) and their mean value were higher than 0.990 and the deviation between theoretical and calculated standard concentration values was lower than the maximal acceptable deviation (MAD). These MAD were fixed for each concentration level from 10 to 60 % (60 % for the lowest concentration level, at LOQ level).
Verification of the limits of quantification
The LOQ were first estimated; then, they were verified experimentally for each pesticide. First, the instrumental LOQ were determined with an S/N of 10. Then, to take matrix effects into account, these instrumental LOQ were corrected with a security factor (k=5). For each compound, this theoretical limit of quantification (LOQ th ) was verified by spiking and analyzing water samples (n=10). Mean concentration LOQ À Á and standard deviation (s LOQ ) were calculated and compared to an MAD fixed at 60 % of the LOQ th . For each pesticide, the two following equations had to be verified:
LOQ þ 2 Â s LOQ < LOQ th þ 60% Â LOQ th ð2Þ
Trueness and precision
The trueness and precision of the method were assessed at LOQ level, at a medium concentration level, and at a high concentration level of the calibration curves. For each pesticide, the LOQ level and the medium concentration level were on the low concentration range curve, whereas the high concentration level was on the high concentration range curve. Five duplicates of water samples were spiked at each concentration level, and mean recoveries and the corresponding relative standard deviations (RSD) were determined under within-laboratory reproducibility conditions [20, 21] . Mean recoveries were determined with calibration curves constituted with pesticide standard solutions prepared in water and extracted by SBSE.
Measurement uncertainty
Three operators prepared spiked water samples with three types of water (Evian® mineral water and surface waters from two rivers in France); then the extractions of the water samples and the analyses were performed on different days. The measurement uncertainty was assessed for the same three concentration levels as the determination of precision of the method, i.e., at LOQ level, at a medium concentration level, and at a high concentration level. Ten triplicates for each concentration level (n×p=30) were realized under intra-laboratory reproducibility conditions [20, 21] . For each concentration level, a Cochran test and a Grubbs test were performed on the experimental results; then the repeatability variance (s repeat   2 ) and the reproducibility variance (s repro 2 ) were determined as follows:
where p=10, n=3, x ij is the calculated concentration for a sample, x i is the average calculated concentration for one triplicate, and x is the average of all 30 calculated concentrations. Finally, the measurement uncertainty (U) was calculated as follows with an expanded coverage factor (k) of 2:
Results and discussion
Experimental designs
Screening of the desorption parameters by a fractional factorial design (design no. 1) Table 4 shows the experimental design and the experimental matrix composed of eight columns as responses (pesticide areas) and 28 rows for the experiments, obtained from the analyses of stir bars under the thermal desorption conditions set by the experimental design. A principal component analysis (PCA) was applied to this data matrix (previously meancentered) with Statgraphics software. The first vector explained 74 % of the total variance of the experimental results, and all variables (the chromatographic peak areas of the studied pesticides) had positive loadings on this vector (Fig. 2a) . This means that all studied pesticides had similar behaviors regarding the thermal desorption. Therefore, we considered the score of each experiment on this vector (Fig. 2b) as a global response (to be maximized). This methodology for determination of a global response has been previously used in the successful optimization of a SBSE-TD-GC analysis of seven pesticides in water [15] . On Fig. 2b , each experiment has a score on the first vector and on the second vector and is represented by a "+" symbol. The two experiments which obtained the best scores on the first vector are experiments no. 2 and no. 16 (Table 4) . For both Use of experimental designs for the optimization of SBSE-GC-MS/MSexperiments, the thermal desorption conditions were desorption temperature at 280°C, desorption flow at 75 mL min
for 10 min with the injector temperature at 60°C. Therefore, the results of the PCA could give an indication on the conditions which result in high desorption of the pesticides. The statistical analysis of this screening design, with the score on the first vector as response, showed that there was no significant experimental error and no significant difference in the results of the experiments of the two blocks. The model obtained, with R 2 =0.97, is the following:
where A = desorption flow, B = desorption temperature, C = desorption time, D = injector temperature, and AB, AC, AD, BC, BD, and CD are their two-factor interactions. The significant terms in the model are marked with stars: (*) means p values<0.05, (**) means p values< 0.01, and (***) means p values<0.001. So, in this case, a very high level of significance was obtained. Not only the effects of all four factors were significant but also the effects of four interactions were significant, which could not have been observed with an OVAT optimization methodology. Moreover, two of these interactions were even quite unexpected. Indeed, one can note the significance of AD and CD, two interactions that involve factors from different parts of the analytical system (desorption oven and PTV injector). The statistical analysis of the design showed that all factors and interactions had positive effect on the response. This means that the desorption flow, temperature and time, and the injector temperature have to be set at their higher levels for maximum response. Moreover, regarding the interactions, the effect of an increase of desorption temperature, for instance, is greater when desorption flow is at higher level.
Optimization of thermal desorption (design no. 2) and decontamination (design no. 3) by Box-Behnken designs
On the basis of the results of design no. 1, we decided to set the desorption time at 10 min, the maximal level tested, without performing further optimization for higher values, in order to keep the total analysis time at 60 min maximum. Thus, the optimization of the thermal desorption was realized with the injector temperature (factor A), the desorption flow (factor B), and the desorption temperature (factor C). Table 5 shows the Box-Behnken experimental design and the resulting experimental matrix. Similarly to the results of the design no. 1, a PCA was applied to the experimental results of the design no. 2 (previously mean-centered) and showed that all the variables have positive loading on the first vector (Fig. 3a) , which explained 77 % of the variance. Therefore, we considered the score of each experiment on the same vector (Fig. 3b) as a global response (to be maximized). On  Fig. 3b , the two experiments which obtained the best scores are experiments nos. 12 and 27 (Table 5 ). For both experiments, the optimal thermal desorption conditions were desorption temperature at 260°C and desorption flow at 75 mL min −1 for 10 min with the injector temperature at 60°C; these values confirm the results of the PCA realized with the data of design no. 1. The model, obtained with R 2 =0.98 and leading to the response surface shown in Fig. 4 , is the following:
The evaluation of the effects of the main factors and the effect of their interactions led to the following optimized conditions of the thermal desorption of the selected pesticides: 300°C during 10 min under a helium flow of 75 mL min −1 in split mode (1/75 ratio), while maintaining a focusing temperature of 60°C in the PTV injector of the GC-MS/MS system. Another BoxBehnken design was realized to optimize the conditions of thermal decontamination (design no. 3) of the SBSE stir bars after desorption (Table 3) . Only traces of chlorpyrifos-methyl, with area equivalent to the area of blank samples, were detected in the second GC-MS/MS analyses of the stir bars corresponding to the highest concentration level tested during the experimental design. Therefore, the optimized conditions for the thermal decontamination of the SBSE stir bars were the highest point in the experimental space, i.e., 300°C for 50 min.
Advantages of the experimental design approach
The first advantage of a multivariate approach over an OVAT approach is the time saved for the whole experimentation process. Indeed, for screening purposes, building an experimental design implies defining all the factors that can have an effect on the response studied before realizing any experiment. Whether in OVAT approach, usually, only the factors that the operator believes will have an effect are tested [14] . Moreover, contrary to what is commonly thought, fewer experiments are needed in an experimental design to obtain the same-or more information-as for an OVAT approach. For instance, in our case, 28 experiments were performed to study at the same time the effect of four factors and the effect of their interactions, at two levels, in two blocks and to assess the experimental error. If the same study is performed with an OVAT approach, triplicates are usually needed to assess the experimental error. Therefore, to obtain the same level of information (excluding the effect of the interaction of the factors), 48 experiments would be necessary. Also, screening designs allow to assess the significance of factors and to select the most significant ones regarding the response in a non-arbitrary way. Another advantage of our experimental design is the study of interactions between factors. In case factors are interdependent, an OVAT approach does not guarantee to reach the real optimum. Moreover, unexpected significant interactions might be detected [14] .
Finally, in the present study, the data matrix of eight columns as responses and 28 rows for the experiments allowed to realize a robust PCA and to obtain reliable information regarding the behaviors of the tested pesticides during the thermal desorption step.
Performances and validation of the analytical method
The results of the validation of the analytical method are reported in Table 6 . Excellent linearity was observed for all calibration curves (R 2 ≥0.9972), and the deviation between theoretical and calculated standard concentrations was between 10 % for the highest concentration level and 60 % for the lowest one.
The LOQ in water were validated in accordance with Eqs. 1 and 2; they ranged from 2. . But we validated LOQ in different water matrices while ensuring required trueness and repeatability. Our method allowed to obtain LOQ which are more relevant for the routine analysis of unknown freshwater samples. These LOQ are in agreement or up to 5-fold higher than those reached in previous SBSE-TD-GC-MS/MS analytical methods for chlorpyrifos-methyl, chlorpyrifos-ethyl, chlorfenvinphos, fenitrothion, and metolachlor in water samples [12, 22] . In those methods, however, either the type of water used for the determination of the LOQ was not specified or the LOQ were instrumental (i.e., an S/N ratio of 10). To our knowledge, the SBSE-TD-GC-MS/ MS analysis of moderately hydrophobic to hydrophobic pesticides (3.80<log K ow <4.20) with different physical-chemical properties such as procymidon, acetochlor, and diflufenican in water samples has not been reported in the literature.
For all selected pesticides and all concentration levels, mean recoveries, determined with calibration curves constituted with pesticide standard solutions prepared in water samples and extracted by SBSE, ranged from 90 to 104 % (Table 6 ). Satisfactory global inter-day precision, estimated at each concentration level as RSD of 10 determinations on spiked water samples, was between 5.2 and 17.4 %.
Results on measurement uncertainty are reported in Table 6 . For all selected pesticides at the three concentration levels, satisfactory measurement uncertainty for SBSE-TD-GC-MS/MS was obtained (U≤25 %). To our knowledge, very few validations of SBSE-TD-GC-MS/MS methods have included studies of the uncertainty of the analytical results [12, 23] . Regarding the pesticides studied herein, CaminoSánchez et al. [12] reported uncertainties ranging from 40 to Fig . 4 Response surface of the Box-Behnken design for the optimization of the desorption conditions (design no. 2). The chart plots the effect of the injector temperature and the desorption flow on the object score on vector 1 (i.e., global response for the eight studied pesticides), with the desorption temperature set at 300°C and the desorption time set at 10 min 46 % for chlorfenvinphos, chlorpyrifos-ethyl, chlorpyrifosmethyl, fenitrothion, and metolachlor, but the uncertainties were determined with another approach on which very few details were presented. In our method, 90 water samples were used for the determination of realistic uncertainties under intra-laboratory reproducibility conditions, i.e., with three types of water, at three concentration levels, prepared by three operators and analyzed at different days. Results showed for all target pesticides homogeneous uncertainty across the concentration range. Margoum et al. [13] used the same approach for the evaluation of uncertainties on the analysis of 15 pesticides by SBSE-LD-LC-MS/MS. We obtained similar uncertainty values for the analysis of pesticides targeted by both methods, i.e., chlorfenvinphos, chlorpyrifos-ethyl, diflufenican, fenitrothion, and procymidon.
In comparison with the SBSE-LD-LC-MS/MS method developed and validated by Margoum et al. [13] for the analysis of pesticides, 2-to 100-fold lower LOQ were obtained by our SBSE-TD-GC-MS/MS method, partly because the whole amount of pesticides sorbed in the SBSE stir bars is transferred into the GC for chemical analysis. Moreover, thermal desorption allows much faster and easier sample treatment. After the extraction step, the SBSE stir bars is simply placed into a desorption tube for online thermal desorption and GC-MS/MS analysis, instead of substantial extra time for offline liquid desorption and preparation of the sample to be injected into the LC. Finally, thermal desorption and decontamination allow dramatic reduction of organic solvent consumption.
Conclusion
Experimental design is a powerful approach for optimization of analytical method, and the larger is the number of factors to be evaluated, the more this approach is necessary for a comprehensive, simple, and fast study. As the use of such methodology is mistakenly thought complex and time-consuming, didactic tutorials are needed to better describe it. In this study, we used two sequential experimental designs for the optimization of the desorption conditions of an SBSE-TD-GC-MS/ MS method for the determination of eight selected pesticides in freshwaters. Design no. 1 allowed a screening of the effect of the desorption time, the desorption temperature, the desorption flow, the injector temperature, and the effect of their interactions on the peak areas of the target pesticides as responses. Design no. 2 resulted in the optimization of the three desorption parameters that proved to be influential by the screening design to obtain maximal responses (i.e., the desorption temperature, the desorption flow, and the injector temperature). We developed and validated a robust and reliable analytical method for simple, fast, and environmentally friendly analysis of agricultural pesticides in freshwaters. In this study, a set of eight moderately hydrophobic to hydrophobic pesticides (3.08<log K ow <4.96) was used for the optimization of the analytical method by means of experimental designs. As this interesting approach should be applied for other method optimizations, further work will focus on adding other hydrophobic micropollutants in this SBSE-TD-GC-MS/MS method.
